Inteins are protein-splicing elements, most of which contain conserved sequence blocks that define a family of homing endonucleases. Like group I introns that encode such endonucleases, inteins are mobile genetic elements. Recent crystallography and computer modeling studies suggest that inteins consist of two structural domains that correspond to the endonuclease and the protein-splicing elements. To determine whether the bipartite structure of inteins is mirrored by the functional independence of the protein-splicing domain, the entire endonuclease component was deleted from the Mycobacterium tuberculosis recA intein. Guided by computer modeling studies, and taking advantage of genetic systems designed to monitor intein function, the 440-aa Mtu recA intein was reduced to a functional mini-intein of 137 aa. The accuracy of splicing of several mini-inteins was verified. This work not only substantiates structure predictions for intein function but also supports the hypothesis that, like group I introns, mobile inteins arose by an endonuclease gene invading a sequence encoding a small, functional splicing element.
Inteins are protein-splicing elements that exist as in-frame fusions with flanking protein sequences called exteins. Inteins are self-splicing at the protein level, with their excision being coupled to extein ligation (1) (2) (3) . Most of the inteins that have been described are in the 400-to 500-aa range with little absolute sequence conservation among the elements (4, 5) . However, Cys or Ser residues are required at the amino termini of both the intein and the second extein, and a His and Asn are present at the carboxy terminus of the intein (Fig. 1A Top) . Most inteins contain eight conserved sequence blocks (A-H), two of these being the LAGLIDADG motifs (blocks C and E) that define a family of intron-homing endonucleases (refs. 4 and 5; Fig. 1 A) . Consistent with the occurrence of these motifs, several inteins have been shown to have site-specific endonuclease activity (6) , and PI-SceI, the VMA1 intein of Saccharomyces cerevisiae, is capable of homing into a cognate inteinless allele (7) . The sporadic distribution of inteins in all three biological kingdoms is consistent with their being mobile elements.
Endonuclease genes have been assumed to be invasive genetic elements that colonized group I introns, converting them into mobile genetic elements (8) (9) (10) (11) . Similarly, mobile inteins appear to be derived from invasive endonuclease genes. Recent structural studies indeed suggest that the proteinsplicing and endonuclease domains are separate and that their two activities may have evolved independently. First, the crystal structure of PI-SceI has recently been solved (12) . This 454-aa protein is folded into two distinct structural domains. Second, hidden Markov models have been used to define two conserved functional domains of inteins, corresponding to independent endonuclease and splicing modules, separated by nonconserved spacer regions of variable lengths (ref. 13 ; J.Z.D., A. Klar, M. J. Moser, W. R. Holley, A. Chatterjee, and I. S. Mian, unpublished results; Fig. 1B ). Third, three putative inteins have recently been reported that are in the 150-aa size range and lack endonuclease motifs, although it is not clear whether these smaller elements retain splicing function (4, 5, 13) . Finally, a newly identified Synechocystis intein does not contain a LAGLIDADG endonuclease but instead contains a member of the H-N-H family of group I intron endonucleases (13, 28) .
Site-directed mutagenesis experiments have shown that endonuclease activity is not required for protein-splicing function (14, 15) , and deletion of a region encompassing the LAGLIDADG motifs of PI-SceI has confirmed this conclusion (16) . However, despite the apparent structural autonomy of the protein-splicing and endonuclease domains of PI-SceI, they do appear to collaborate in interacting with the homing site DNA (12) . Therefore, it is important to determine whether the bipartite structure of inteins is mirrored by the functional independence of their two components. We tested the prediction that the entire endonuclease domain and spacer sequences between the domains can be deleted from a protein-splicing element to generate a mini-intein that is splicing proficient. To this end, we used the 440-aa intein from the Mycobacterium tuberculosis recA gene expressed in Escherichia coli. The Mtu recA intein contains a conventional LAGLIDADG endonuclease domain (4, 5) , although endonuclease activity has not yet been demonstrated. Guided by junctions inferred from structure models (ref. 13 ; Fig. 1B ), a series of mini-intein derivatives was tested in two genetic systems developed to screen for splicing activity in vivo and in vitro. A number of mini-inteins deleted for the entire endonuclease domain were shown to be capable of protein splicing in both contexts, consistent with structure predictions. These results support the model that homing inteins evolved through an endonuclease gene invading a DNA sequence encoding a functional miniintein.
intein with the intronless T4 td gene, which encodes thymidylate synthase (TS), such that Cys-238 of TS is the N-terminal residue of the second extein (circled in Fig. 2A ; D.W.W., V.D., W.W., Georges Belfort, and M.B., unpublished results). pKKtdC238-I was used as a template for inverse PCRs to generate a series of plasmids for expression of TS:mini-intein in-frame fusion proteins. The coding sequences for the fusion proteins were sequenced in their entirety.
The primers used in the PCRs carried a terminal BssHII restriction site, such that digestion of the products with this enzyme and religation generated in-frame td:mini-intein fusions with central deletions marked by a BssHII site and, hence, an Ala-Arg dipeptide. Where possible, these residues replaced the same or similar amino acids in the final fusion proteins. In some cases this required the addition of an Ala residue between the junctions (Fig. 2B) , and in constructs 101⌬395(A 5 Ј), 123⌬372Ј, 129⌬372Ј, and 129⌬400Ј (Fig. 2B,  constructs 4 The td-based genetic system. Schematic of the TS:intein in-frame fusion system shows precursors and splice products (Left). TS phenotype of td:intein in-frame fusion derivatives (Right). Patches of TS Ϫ cells (D1210⌬thyA::Kan R ) containing plasmids expressing td:intein fusions were tested for growth on minimal medium plates at different temperatures (27) . td, no intein; td Mtu, full-length Mtu recA intein; td MtuAA, full-length Mtu recA intein with C-terminal His and Asn residues mutated to Ala; remainder, td:mini-intein constructs. Numbering in brackets is as in B. (B) Summary of protein-splicing activity. Full-length and mini-intein constructs are numbered 1-21. The constructs are defined by the deletion junctions, with Ala residues inserted in the cloning listed in parentheses [e.g., 94⌬383 has all residues between 94 and 383 deleted, whereas 101⌬405(A7) has residues between 101 and 405 deleted and replaced with 7 Ala residues]. Constructs 4, 9, 12, and 18 have Ala-Arg inserted between the junction residues as indicated by a prime. TS phenotype: ϩ5, growth at 23°C, 30°C, and 37°C; ϩ4, growth at 23°C, 30°C, and weak growth at 37°C; ϩ3, growth at 23°C and at 30°C; ϩ2, growth at 23°C; ϩ1, weak growth at 23°C; -, no growth on minimal media. MIC splicing is quantitated as the percentage of precursor that was converted to ligated exteins after 3 h of induction: ϩ5, 80-100%; ϩ4, 60-80%; ϩ3, 40-60%; ϩ2, 20-40%; ϩ1, Յ20%. Those constructs indicated by an asterisk splice further upon incubation at 4°C. Intein size represents Mtu recA residues only, excluding Ala and Arg residues incorporated as part of the cloning process. Arrowheads mark largest deletion on each side, consistent with splicing function. pMIC derivatives were maintained in E. coli
. Cells were grown to mid-log phase at 37°C in L Broth with 100 g͞ml ampicillin, and MIC expression was induced for 3 h by the addition of 1 mM isopropyl ␤-D-thiogalactoside (IPTG). Splicing products were visualized by running cell lysates on SDS polyacrylamide gels (18) . Western blot analyses were carried out using a Bio-Rad semi-dry blot apparatus and the Amersham ECL detection kit according to the manufacturers' instructions. Polyclonal antisera to I-TevI and the Mtu recA intein were raised in rabbits and that to maltose binding protein was purchased from New England Biolabs.
MIC and the mini-intein in-frame fusion proteins were purified on amylose columns (New England Biolabs) according to the manufacturer's instructions. Quantitation of MIC splicing was achieved by densitometry of samples fractionated on 12% Coomassie-stained SDS͞PAGE gels to determine the percentage of precursor converted to ligated exteins.
RESULTS

Construction of Mini-Inteins and Examining Boundaries of Splicing Function.
Guided by sequence alignments of all known inteins (13), a series of deletion derivatives of the Mtu recA intein was constructed. We aimed to remove all of the endonuclease domain, leaving behind a minimal splicing domain (Fig. 1) . Initially intein function was assayed in a genetic system, in which the intein is expressed from a plasmid as an in-frame fusion with the TS gene (td) of bacteriophage T4 (D.W.W. et al., unpublished results; Fig. 2 A) . Because three in-frame deletion derivatives of this intein had been shown previously to be inactive by Western blot analysis (19) , the increased sensitivity of the in vivo system would likely prove useful for detecting low-level splicing activity. Furthermore, we reasoned that even if the endonuclease exists as an independent domain, it might be difficult to generate a functional mini-intein, because crudely snipping out a large region of protein could well leave the remainder of the protein unable to fold properly. Therefore, we designed a series of derivatives with more or less of the central portion of the intein deleted. The derivatives were generated by inverse PCR using the td expression plasmid containing the full-length Mtu recA intein as template. Fig. 2 shows the TS phenotype of a number of mini-intein derivatives. Whereas the full-length td:intein fusion was TS ϩ at all temperatures up to 37°C (Fig. 2B, construct 1) , and the splicing-defective MtuAA mutant was TS Ϫ at all temperatures (Fig. 2B, construct 2) , most of the mini-intein derivatives were TS ϩ only at lower temperatures (Fig. 2B , constructs 3-12, 14, 15, 17, 18, 20, and 21). These phenotypes suggest that many of the mini-inteins are capable of splicing, although less efficiently than the wild-type Mtu recA intein. Although there is apparently no direct correlation between deletion size and phenotype, it is interesting to note that the shorter mini-inteins gave the strongest TS ϩ phenotypes (Fig. 2B , constructs 7, 14, and 15), whereas the longest mini-intein was TS Ϫ (Fig. 2B,  construct 13 ). Perhaps the most surprising result is the frequency with which TS ϩ mini-inteins were generated. Derivatives with deletions of up to 303 aa [101⌬405(A 7 ) and 96⌬400Ј (Fig. 2B, constructs 3 and 21) ] still retain splicing function. Construct 101⌬405(A 7 ) corresponds precisely to the predicted minimal splicing domain as defined by computer modeling (13) .
Once it was apparent that a number of mini-inteins were active and that TS phenotype correlated with protein-splicing activity (see below), it became of interest to approximate the boundaries of the splicing domains at the N and C termini of the intein (Fig. 2B, constructs 14-21 ). Mini-inteins 94⌬383 and 114⌬406 (Fig. 2B, constructs 15 and 17, see arrowhead) that are TS ϩ indicate that splicing function is contained within the first 94 and last 35 aa of the intein.
Characterization of Mini-Intein Splicing Products. To further assess splicing activity, the mini-intein derivatives were transferred to a tripartite fusion system (MIC) for in vitro characterization. The tripartite system comprises maltose binding protein (M) as the first extein and as an affinity tag for purification, fused in-frame to the intein (I) and then to the second extein, the C-terminal domain of the homing endonuclease I-TevI (C) (ref. 17; Fig. 3A ). This C-terminal domain was chosen because of the solubility of this protein module and the (Fig. 2, construct 3) ; 5, 110⌬383 (Fig. 2, construct 6) ; 6, 114⌬372 (Fig. 2, construct 8 (Fig. 3 C-E) . Overexpression of the tripartite fusion proteins was induced by the addition of IPTG, and the precursors and products of the splicing reactions were separated and identified (representative data shown in Fig. 3 B-E) . For most of the derivatives the products of the splicing reaction, ligated exteins and free intein, were readily detected on Coomassie gels and their identity was verified by Western blot analysis. In addition, the precursor and intermediates or side-products of the reaction corresponding to N-terminal or C-terminal intein cleavage without ligation were also seen.
A Western blot using maltose binding protein antiserum (Fig. 3C) shows the presence of precursors in MIC25, a full-length mutant derivative (lane 2), in MIC mini-intein constructs (lanes 4-6), and in MIT (lane 3), a control tripartite fusion of M, I, and intact TS (D.W.W. et al., unpublished work), although full-length wild-type MIC splices so efficiently that no precursor was visible (lane 1). In addition to full-length protein, several products containing the maltose binding domain were detected, including ligated exteins (MC) and free maltose binding protein (M). Cleavage products containing the intein (MI) and other unidentified species carrying the maltose binding protein were also observed between the precursor and MC bands. Mtu recA intein antiserum (Fig. 3D ) identified inteins from splicing-proficient derivatives. Fulllength intein was seen as a product of splicing of full-length MIC (wild type and the MIC25 mutant, lanes 1 and 2) and MIT (lane 3), whereas mini-inteins of the appropriate size were visible for constructs 110⌬383 and 114⌬372 (lanes 5 and 6, corresponding to constructs 6 and 8 in Fig. 2B ). For construct 101⌬405(A 7 ) the intein band was detectable only on longer exposures (lane 4, corresponding to construct 3 in Fig. 2B ), because this construct splices slowly (see below; Fig. 4B ). Finally, I-TevI antiserum (Fig. 3E) clearly identified precursors, as well as ligated exteins (MC), in splicing-proficient MIC derivatives (lanes 1, 2, 5, and 6) but, as expected, not in the MIT construct (lane 3). Importantly, there is agreement between predicted and observed sizes of the different inteins (Fig. 3D) , and the size of ligated exteins was constant for all MIC derivatives, regardless of intein size (Fig. 3 C and E ; see also below; Fig. 4A ).
Purification and Properties of Mini-Intein Derivatives. Overexpressed proteins were affinity-purified on amylose resin for most of the MIC derivatives (Fig. 4) . In each case, as expected, all fusion proteins containing maltose binding protein were purified (Fig. 4A ): tripartite precursor (MIC); ligated exteins (MC); side-products (M, which was highly enriched in these preparations) and (MI). Free intein (I) as well as C and IC were also visible in some preparations, either because of association of these species with proteins bound to the column and͞or because splicing occurs during or after purification.
TS phenotype as a function of temperature provides a semiquantitative measure of splicing efficiency. In the MIC context, splicing was judged by quantitating the appearance of ligated exteins upon overexpression of the tripartite fusion. In most cases there was agreement between the activity in the two contexts, although 129⌬271(A 1 ) (Fig. 2B, construct 13 ) was absolutely TS Ϫ but sometimes exhibited very low level MIC splicing (Fig. 4A) . In addition, 101⌬405(A 7 ) and 129⌬405(A 1 ) (Fig. 2B, constructs 3 and 10 ), which were splicing proficient as judged by TS phenotype, exhibited very low level MIC splicing on initial induction (Figs. 3 and 4A) . However, upon storage in elution buffer at 4°C, these fusion proteins continued to splice in vitro ( Fig. 4B ; data not shown). Despite these subtle context effects, there is a general correlation between TS phenotype and splicing proficiency (Fig. 2B) .
Constructs that tentatively delineate the N-and C-terminal boundaries of the protein-splicing domains in the TS context (94⌬383 and 114⌬406; Fig. 2B , constructs 15 and 17, arrowheads) also splice as MIC derivatives ( Fig. 2B; data not shown) . The splicing properties of these derivatives confirm that the functional domains of the Mtu recA intein are contained within the first 94 and the last 35 aa.
Assessment of Splicing Fidelity. Ligated exteins (MC) resulting from MIC splicing were of the same apparent molecular mass (56.1 kDa) for all constructs including the full-length intein (Figs. 3 and 4) . To verify that the splicing reaction was proceeding accurately, the molecular masses of two miniintein products from MIC splicing reactions were determined by mass spectrometry. Mini-inteins from MIC constructs 110⌬383 and 114⌬372 (Fig. 2B, constructs 6 and 8 predicted molecular masses of 18,594 and 20,326 Da, respectively, were determined to be 18,594 and 20,327 Da by electrospray ionization mass spectroscopy (Fig. 4C) . Together, these data indicate not only that the mini-inteins are capable of protein splicing but also that the accuracy of the reaction remains uncompromised.
DISCUSSION
Mini-Inteins Deleted for the Entire Endonuclease Domain of the Mtu recA Intein Are Splicing Proficient. Derivatives of the Mtu recA intein have been constructed that retain splicing activity despite removal of the entire endonuclease domain, which constitutes more than two-thirds of the wild-type protein. These results are in accord with deletion of ca. 80% of the PI-SceI endonuclease domain while maintaining splicing function (16) . The Mtu recA mini-inteins were analyzed using two in-frame fusion systems, for which a general correlation between TS phenotype and MIC splicing was found. These results are consistent with the expectation that all information necessary for splicing is carried within the intein itself and that splicing activity is not an artifact of a particular fusion context. It was thereby shown that all information required for splicing function is carried within the first 94 and final 35 aa of the 440-residue intein. This size and configuration of the miniintein corresponds well with both the naturally occurring inteins without endonuclease domains (5, 13) and with the computer alignments that designated the first 101 and last 35 aa as constituting the protein-splicing element (13) .
It is clear from the analysis of MIC mini-intein fusions that, in addition to bona fide splicing, as judged by the presence of ligated exteins, there is a significant amount of substrate cleavage in the absence of ligation (Fig. 4A) , as has been seen in other intein expression constructs (20) . First, the artificial nature of tripartite fusion systems, wherein the individual components are, by design, stable structural domains rather than the intein interrupting a protein of defined structure, likely increases accumulation of side-products. Second, the precise nature of the deletion appears to affect the build-up of cleavage products as reflected by variability in amount of side-products among the different constructs (Fig. 4A) . Third, removal of the endonuclease domain may compromise splicing-it is not unlikely that the activity of the protein-splicing domain is affected by the endonuclease domain, just as endonuclease interaction with its homing site seems to be influenced by the intein domain (12) . Nevertheless, the appearance of ligated exteins validates the splicing proficiency of the mini-inteins.
Structural and Functional Domains of Mobile Inteins. The localization of protein-splicing activity in the Mtu recA intein as defined by the mini-inteins described in this work is entirely consistent with the two-domain structure of PI-SceI (12) and the statistical modeling that predicts that all endonucleasecontaining inteins are folded into two domains (13) . The central endonuclease domain is predicted to be separated from the minimal protein-splicing domains by variable spacer sequences (ref. It is clear, however, that inteins are not tolerant of all internal deletions. For example, the 166⌬201 deletion of the Mtu recA intein (19) does not retain activity, despite the presence of all residues required for splicing function. Similarly, the 129⌬271(A 1 ) derivative (Fig. 2B, construct 13 ) exhibits very low activity and only in the MIC context. Additionally, a derivative of PI-SceI with a 184-aa deletion spanning the endonuclease motifs had no protein-splicing activity unless modified by the addition of peptide linkers at the site of the deletion (16) . The lack of splicing activity in these constructs containing an intact protein-splicing domain presumably reflects protein-folding problems. These constraints on intein function have undoubtedly played an important role in guiding their evolution.
Evolution of Mobile Inteins. The invasiveness of homing endonuclease genes is likely to form the basis of the maintenance and spread of both mobile introns and inteins (refs. 8-12 ; Fig. 5 ). According to one model, an endonuclease gene invaded a protein-coding sequence and evolved proteinsplicing activity to preserve the functional integrity of the host protein (Fig. 5A, model 1 ). According to a second model, the endonuclease gene invaded the DNA sequence of a primitive protein-splicing element (Fig. 5A, model 2) . Model 1 was supported by the observation that HO endonuclease, a freestanding LAGLIDADG endonuclease, has six intein motifs (ref. 4 ; Fig. 1 A) but is unable to splice as an in-frame protein fusion (J. Platko and F. Perler, cited in ref. 5 ; V.D. and M.B., unpublished results), suggesting that HO is part-way along the path to evolving intein function. However, the combination of crystallographic studies (12) , molecular modeling (13) , and our genetic analysis support a structurally and functionally independent protein-splicing domain, in favor of model 2, as argued further below. In this case, HO endonuclease could be a defunct intein.
Predicted endonuclease target sites flanking the endonuclease gene that serve as markers of the initial invasion event have been found in mobile group I introns (11) . These recognition sites have not, however, been observed in inteins the ability of the intein to function in the absence of the entire endonuclease domain favors the scenario in which the endonuclease gene invaded a preexisting intein (Fig. 5A, model 2) . The clear, functional independence of the protein-splicing domain is counter to model 1, in which some splicing function would be predicted to reside in the endonuclease moiety itself.
Endonuclease-containing inteins are far more common in modern genomes than the endonuclease-free inteins. The endonuclease seems to provide the means for inteins to be maintained and, indeed, to spread among different genes, organisms, and perhaps even kingdoms. Through their ability to splice, autocatalytic inteins, like self-splicing introns, in turn provide a genetically silent haven for the invasive endonuclease ORFs and the vehicles for their propagation. Accordingly, endonucleases can be viewed as a substantial driving force in molecular evolution. Through their capacity to make nicks and breaks in DNA, endonuclease genes can invade sequences to form molecular associations that not only mobilize introns and inteins but can also provide catalytic function to other proteins (Fig. 5B ). An example of the latter is the H-N-H endonuclease cassette, which is present in mobile group I intron-and intein-encoded proteins, as well as in the colicin family of bacterial toxins and in the tripartite reverse transcriptasematurase-endonuclease proteins of mobile group II introns (13, 21, 22, 28) . The propensity of endonuclease genes to colonize genomes therefore can influence genome stability and configuration by promoting lesions in DNA and subsequent intron-or intein-based rearrangements. Furthermore, intron endonucleases can provide selective advantage in both phage and archaeal systems (29, 39) , whereas colicins promote host defense, thereby influencing the stability of entire microbial populations.
Although the antiquity of the original self-splicing introns has been argued (23), nothing is known of the evolutionary history of ''ancestral'' endonuclease-free inteins. Although there are examples of endonuclease-free inteins in all three biological kingdoms (5, 13), it would be premature to assume that these elements existed in the last common ancestor. It is, however, interesting to note that mechanistic parallels have been drawn between inteins and the self-activating amidohydrolases (24) . Furthermore, the endonuclease-free inteins have been hypothesized to be evolutionarily related to the self-cleaving hedgehog proteins, which are involved in eukaryotic developmental pathways (13, 25, 26) . It has been suggested that the hedgehog family, which exists in arthropods and all vertebrates from amphibians to mammals, arose from an intein that lost ligation activity (ref. 13 ; Fig. 5 ). Regardless, finding such nonmobile, autocatalytic, intein-like molecules with related functions in deeply branching organisms will ultimately help address issues relating to intein ancestry and evolutionary age.
